The ultrafast dynamics of photoexcitations have been studied in chiral stacks of conjugated p-phenylene vinylene molecules functionalized with hydrogen-bonding groups. The results indicate that in solution, -interactions between the molecules give rise to fast exciton diffusion along the stacking axis of the assemblies. The chiral nature of the assemblies is found to cause a rotation of the dipole moment of excitons propagating along the stacks as indicated by time-resolved measurements of the photoluminescence polarization anisotropy. The observed exciton diffusion and energy relaxation dynamics in the molecular stacks are shown to be very similar to those found in conjugated polymer films. Moreover, it is demonstrated that through changes in the temperature of the surrounding solvent, the stacks can be dissociated reversibly as shown by a marked reduction in the diffusivity of excitons.
I. INTRODUCTION
Conjugated polymers 1 and molecules 2 are finding increasing use as materials in optoelectronic devices. Each system offers distinctly different advantages. -conjugated oligomers with well-defined chemical structure and conjugated length allow a precise ordering into crystalline layers with high charge-carrier mobility. Conjugated polymers, on the other hand, are easier to synthesize and process into a device structure. One major drawback of conjugated polymer films is the energetic and positional disorder of its chromophores induced by structural defects and entanglement of the extended chains. Such films often contain domains of aggregated chains which constitute low-energy trapping sites with a diminished luminescence efficiency. 3, 4 Much effort has been devoted to reducing the extent to which such aggregated domains form, e.g., through means of bulky side chains attached to the polymer backbone 5, 6 or the introduction of disorder via cis linkages. 7 However, increasing the spacing between chains reduces the average overlap between their respective orbitals, resulting in a trade-off between charge-carrier mobility and electroluminescence efficiency in conjugated polymer films. 8 One solution to this problem is offered by the use of supramolecular chemistry to build welldefined extended structures through self-assembly of molecules, thus combining high molecular order with ease of processing. 9, 10 Prime examples of such systems are discotic liquid crystalline materials which organize into columnar stacks with a high charge carrier mobility along the stacking direction. [11] [12] [13] [14] [15] Alternatively, hydrogen-bonding motifs have been employed to construct reversible, self-assembling polymer systems. 16 -18 In monothiophene and bithiophene bisurea compounds hydrogen bonding between urea groups was shown to cause the formation of lamellar fibres with efficient intermolecular charge transport. 19, 20 Recently, -conjugated oligo(p-phenylene vinylene͒ molecules with chiral side chains and hydrogen-bonding ureidotriazine units ͑MOPV4͒ were found to assemble into chiral supramolecular stacks in an apolar solvent. 21 In this paper, we demonstrate that the stacking of these molecules results in a delocalization of excitons across more than one oligomer, ensuring efficient exciton diffusion along the stacking direction. We explore electronic processes in these model systems on the molecular lengthscale and find that in solution, the stacks have optoelectronic properties strikingly similar to those encountered in thin films of conjugated polymers. However, the advantages of these stacks lie in the reversibility of the assembly and the easy construction of supramolecular complexes with specific functionality.
II. EXPERIMENT
The synthesis of MOPV4 has been described elsewhere. 21 All data shown were taken for solutions of MOPV4 in anhydrous dodecane at a concentration of 2.5ϫ10 Ϫ4 mol l Ϫ1 . The solution was held in a Spectrosil cuvette mounted in a temperature-controlled holder. All time-resolved photoluminescence measurements displayed were conducted using the femtosecond up-conversion technique. MOPV4 was excited with the frequency-doubled output from a mode-locked Ti: Sapphire laser supplying 200-fs pulses at an energy of 3.06 eV and a repetition rate of 76 MHz. To set the polarization of the exciting beam, it was passed through a /2 plate and a Glan-Thompson polarizing prism. At the excitation power of 0.7 mW a single pulse created an average of 1.7 ϫ10 Ϫ5 excitons per MOPV4 molecule within the solution region from which luminescence was measured. Photoluminescence emerging at a right angle to the exciting beam was collected with a pair of off-axis parabolic mirrors, and upconverted in a ␤-barium-borate crystal using the fundamental laser beam at 1.53 eV as a gate. Sum-frequency photons were dispersed in a monochromator, and detected by a cooled photomultiplier tube using photon counting techniques. The overall resolution of the system was approximately 350 fs. Since only vertically polarized light could be up-converted, the excitation polarization was rotated to measure luminescence polarized either parallel or perpendicular to the polarization of the exciting light. To take time-integrated photoluminescence spectra the vertical polarization component was selected using a second Glan-Thompson polarizing prism and dispersed in a double-grating spectrometer ͑Spectramate 1680͒ after which it was detected with a Si photodiode using a lock-in technique. Both time-resolved and time-integrated spectra were corrected for spectral response. To measure the decay dynamics of MOPV4 in dodecane at long ͑Ͼ4 ns͒ times after excitation, time-correlated single photon counting was implemented. The MOPV4 solution was excited with a pulsed ͑20 MHz, 70-ps full width at half maximum͒ diode laser at a wavelength of 407 nm ͑Pi-coQuant LDH 400͒ and the luminescence detected with a microchannel plate photomultiplier ͑Hamamatsu͒ coupled to a monochromator and time-correlated single photon counting ͑TCSPC͒ electronics ͑Lifespec-ps and VTC900 PC card, Edinburgh Instruments͒. A decay curve was taken at 2.21 eV for a solution temperature of 14°C, and the decay time was extracted from the curve by a monoexponential fitting within the time range of 4 -10 ns. Figure 1 displays the chemical structure of MOPV4 comprising a tetra(p-phenylene vinylene͒ derivative with homochiral side-chains and end-chains conferring solubility, and a ureido-s-triazine unit. Schenning et al. have conducted a detailed study of the associative properties of MOPV4 in solvents with varying degree of polarity. 21 They showed that in chloroform and dodecane, MOPV4 molecules dimerize via quadruple hydrogen bonding between ureidotriazene units. Moreover, in the apolar solvent dodecane a combination of solvophobic effects and -interactions between the MOPV4 molecules lead to stacking of MOPV4 dimers into supramolecular columns. In these stacks, a helical arrangement of chromophores was found to be induced by their chiral sidechains ͓see Fig. 1͑b͔͒ . Small angle neutron scattering experiments performed at 10°C on a solution of MOPV4 in deuterated dodecane (4.1ϫ10 Ϫ3 mol l Ϫ1 ) have indicated the existence of columnar structures with a minimum length of 200 nm and a radius of approximately 3.0 nm. 22 The stacking of MOPV4 dimers was demonstrated to be reversible: with increasing temperature the assemblies began to dissociate, as deduced from changes in circular dichroism, luminescence and absorption spectra. Most of the changes occurred within a temperature range of approximately Ϯ10°C about a ''transition temperature'' T c indicating the existence of two phases for MOPV4 in dodecane: supramolecular assemblies at low (ӶT c ) temperatures and dissolved monomeric and dimeric species at high temperatures. 21 The transition temperature was found to increase with increasing MOPV4 concentration c; the results presented here were obtained for cϭ2.5ϫ10 Ϫ4 mol l Ϫ1 , for which a transition temperature of approximately 65°C should be expected. 22 In Fig. 2͑a͒ the time-integrated photoluminescence spectra of MOPV4 in dodecane solution are given for a range of temperatures. The molecules were excited with 200-fs laser pulses at an energy of 3.06 eV and only the luminescence component polarized parallel to the polarization of the exciting light was detected. With decreasing temperature supramolecular stacks begin to form and the average energy of the emitted photons shifts to the red while the spectrally integrated photoluminescence intensity decreases. Previous measurements have indicated that with decreasing solution FIG. 1. ͑a͒ Chemical structure of MOPV4 comprising a tetra(p-phenylene vinylene͒ derivative ͑marked by a rectangle͒ with homochiral side chains and end chains conferring soluability, and a ureido-s-triazine unit ͑marked by an ellipse͒. ͑b͒ Schematic representation of helical MOPV4 stacks formed from dimerized MOPV4 molecules.
III. DISCUSSION

FIG. 2.
Changes in the luminescence spectra and decay dynamics of MOPV4 solutions with temperature. ͑a͒ Time-integrated photoluminescence spectra. ͑b͒ Photoluminescence decay dynamics at 2.226 eV. All data shown were taken for copolarized exciting and detected light. temperature a low-energy ͑Ϸ2.5 eV͒ tail appears in the absorption of MOPV4 in dodecane in accordance with the formation of molecular assemblies. 21 These changes illustrate that stacking of MOPV4 in dodecane leads to a delocalization of the exciton across more than one molecule, resulting in a splitting of the excitonic energy levels. The distribution of oscillator strength across these levels depends on the exact stacking geometry, i.e. the angle and the separation between the dipole moments of adjacent chromophores. 4 Figure 2͑b͒ displays the decay of the photoluminescence from MOPV4 in dodecane at 2.226 eV with time after excitation ͑under the same experimental conditions as outlined above͒. At the temperature of 66°C MOPV4 assumes to a large extent a dissolved monomeric or dimeric form and the luminescence decays almost exponentially to 1/e of its maximum value within approximately one nanosecond. However, strong changes are evident in the decay dynamics for lower temperatures. As supramolecular assemblies begin to form, a fast ͑Ϸ20 ps͒ initial decay is introduced which is followed by a long-lived decay over a few hundred picoseconds. With the reduction of solution temperature the ratio of the shortlived to the long-lived components increases and both decay rates increase. These observations are further illustrated by the photoluminescence spectra of MOPV4 in dodecane taken at various times after excitation ͑Fig. 3͒. At 19°C, the photoluminescence from MOPV4 assemblies displays a fast decay across the whole spectrum, accompanied by a small redshift ͓Fig. 3͑a͔͒. In contrast, luminescence from dissociated MOPV4 at 66°C ͓Fig. 3͑b͔͒ remains almost unchanged during the first one hundred picoseconds after excitation. The decay dynamics observed for supramolecular assemblies of MOPV4 are reminiscent of those found in thin films of poly (p-phenylene vinylene͒ ͑PPV͒, one of the most widely studied conjugated polymers. For such films it was found that the introduction of chemical defects led to a quenching of the luminescence due to charge separation of the exciton. [23] [24] [25] These defects were formed as a result of carbonyl ͑CϭO͒ substitution on the vinyl group which may occur under exposure of the compound to oxygen. Diffusion and subsequent trapping of excitons within the PPV films was shown to cause a temporal decay of luminescence on a timescale dependent on the diffusivity of the exciton and the defect concentration. 23 At the low excitation density employed for our measurements ͑on average, 1.7ϫ10
Ϫ5 excitons are created per MOPV4 molecule͒ we can rule out that the fast initial decay we observe in the luminescence of MOPV4 stacks is due to bimolecular effects such as exciton-exciton annihilation. This is supported by the identical decay dynamics observed when the excitation intensity is changed over an order of magnitude. We therefore suggest that the fast decay is caused by diffusion-assisted trapping of excitons at defect sites indicating a high mobility of excitons along the supramolecular stacks. As the solution temperature is increased, the dissociation of the assemblies causes a reduction of the effective exciton diffusion length, concomitant with a reduced trapping probability and an increase in the photoluminescence efficiency. These arguments are underlined by our study of the photoluminescence depolarization and energy relaxation of excitons in MOPV4 assemblies ͑Fig. 4͒. Excitation of a stack of MOPV4 molecules using linearly polarized light propagating along the stacking direction will result in an excitation probability which varies approximately sinusoidally along the stacking axis. This is a direct consequence of the helical nature of the assemblies: assuming the dipole moment of MOPV4 to be parallel to the long axis of the molecule, the transition probability will vary periodically with the angle formed between the excitation polarization and the orientation of successive MOPV4 molecules. Linearly polarized light will consequently create an anisotropic distribution of excitations in the MOPV4 stacks and the luminescence emitted immediately after excitation will also be polarized ͑albeit not fully, due to the random orientation of the stacks in solution͒. However, as excitons diffuse along the chiral stacks, their dipole moments will turn about the stacking axis resulting in a depolarization of the emitted luminescence with time. This is indeed what we observe. Figure 4͑a͒ displays the normalized polarization ratio R for light emitted at 2.226 eV from the solution of MOPV4 in dodecane. ͑Here, R is defined as the luminescence emitted with polarization parallel to the excitation polarization, divided by the luminescence polarized perpendicular to the excitation polarization.͒ For supramolecular assemblies of MOPV4 ͑at 19°C͒ the polarization ratio decreases rapidly within the first 15 ps by 36% of its initial value, followed by a much slower decrease by an additional 8.6% over the subsequent 600 ps ͑not shown͒. At the solution temperature of 66°C, depolarization occurs to a much smaller extent indicating that the stacks have largely dissociated. Interestingly, the measured depolarization dynamics correlate closely with the shifts occurring in the average photoluminescence energy with time after excitation ͓Fig. 4͑b͔͒. These values were obtained by fitting the sum of four Gaussians to each luminescence spectrum taken at a particular time after excitation and extracting the average energy from the energetic positions of and areas under the Gaussians ͑alternative averaging methods gave almost identical results͒. The redshift of the photoluminescence from MOPV4 assemblies is again reminiscent of those observed in conjugated polymer films. In these films energetic disorder is induced by structural defects resulting in the presence of a range of conjugation lengths. Photoexcitation of the films is followed by migration of excitons to chain segments of longer conjugation length and a concomitant redshift of the emitted luminescence. 26 -28 In assembled stacks of MOPV4 energetic disorder may similarly be introduced by small local variations in the stacking geometry ͑e.g., the angle and the offset between adjacent chromophores͒. Migration of excitons along the stacking direction will as a result not only cause depolarization but also a redshift of the photoluminescence. The amount by which the luminescence of MOPV4 shifts to the red within the first fifty ps ͑Ϸ30 meV͒ compares favorably with the values found for films of typical conjugated polymers under excitation conditions well above the localization threshold ͑30-60 meV͒. 26, 29, 30 These results therefore show that the energetic disorder resulting from imperfect stacking in MOPV4 assemblies is lower than or comparable to that encountered in conjugated polymer films due to structural defects, indicating the effectiveness of supramolecular chemistry as a means of achieving molecular order.
The dynamics of the luminescence depolarization may also be compared to those encountered in conjugated polymer films. Anisotropic films have shown luminescence depolarization within the first picosecond after excitation 29 ; however, this is largely due to a relatively small correlation between the orientations of dipole moments on adjacent chromophores. The situation in MOPV4 stacks may hence be more similar to that in films whose chains are partly oriented and for which the polarization ratio was found to decay over a timescale of one hundred picoseconds. 30 Figure 4͑c͒ shows the polarization-independent decay of the photoluminescence from MOPV4 in dodecane at 2.226 eV ͑given by the sum of the copolarized component and twice the measured cross-polarized component͒. The fast initial decay of the luminescence from MOPV4 stacks ͑at 19°C͒ indicates that the decay of the copolarized luminescence ͑shown in Fig. 2͒ is not solely due to depolarization but is also caused be quenching due to exciton diffusion to nonradiative traps.
In the following we aim to give a more quantitative description of the decay dynamics in the helical assemblies formed by MOPV4. Incoherent transfer in random media has often been described by a stretched exponential form, i.e.,
͑1͒
which has proved to be the output of a variety of theoretical models within certain temporal regimes of the transfer process. 27, 31, 32 While stretched exponentials provide the asymptotic solutions to the survival probability of excitations on a lattice containing randomly distributed traps, 31,32 they may, under certain conditions, also adequately describe the trapping of excitations in systems with energetic disorder. In the latter case the stretched exponential decay dynamics are related to the dispersive nature of the diffusion process: as the system relaxes energetically, the diffusivity and consequently the trapping probability decreases. 28 In order to investigate whether stretched exponential behavior may also play a role in the exciton dynamics in MOPV4 assemblies, we have displayed the photoluminescence intensity I(t) in a double-logarithmic plot of ln͓I(0)/I(t)͔ versus time t after excitation ͑Fig. 5͒. In such a Kohlrausch-Williams-Watt ͑KWW͒ representation, the stretched exponential form given in Equation 1 should yield a straight line with slope ␤ allowing an insight into the nature of the dispersive exciton transfer. In Fig. 5 three regimes can clearly be identified: at early times ͑regime I͒ a fast initial decay of excitations is observed ͑corresponding to a fast increase in the KWW representation of the data͒. This behavior is followed by a stretched exponential decay ͑regime II͒ with an exponent ␤ approximating 1/3 up to a solution temperature of 50°C. Finally, in the third regime a transition occurs to a stretched exponential behavior whose exponent depends strongly on the solution temperature: as the temperature is increased, the exponent varies from ␤Ϸ1/3 at 19°C to an almost exponential form ͑␤Շ1͒ at 66°C. We have also investigated the excitation dynamics in a fourth regime between 4 and 10 ns after excitation, using time-correlated single photon counting ͑not shown͒. At these delay times the photoluminescence͑PL͒ decay is found to be monoexponential ͑␤ϭ1͒ with a lifetime of 2.94 ns independent of the solution temperature. We therefore attribute this value to the natural lifetime of the energetically fully relaxed exciton which is largely immobile due to its location in a minimum of the potential surface of the disordered medium, and consequently evades encounter with non-radiative traps. This observation bears resemblence to the exponential ͑␤ϭ1͒ decay found at the low energy end of the photoluminescence from poly͑phenylphenylenevinylene͒ ͑PPPV͒ for times у0.8 ns after excitation 27 for which these excitons can be assumed to be localized. In thin films of conjugated polymers the PL quenching dynamics due to exciton migration to nonradiative traps has often been described successfully 33, 23, 30 using the model developed by Balagurov and Vaks for the survival probability of an exciton on a one-dimensional walk with randomly situated traps. 31 The success of this description has been surprising considering that while a single polymeric chain may well be viewed as a one-dimensional system, exciton migration in a polymeric film is expected to be dominated by interchain transfer ͑i.e., three-dimensional processes͒ due to the larger electronic wavefunction overlap between closely packed conjugated segments of adjacent chains. 34 The model by Balagurov and Vaks 31 yields the following asymptotic solution for the exciton survival probability W(t) on a one-dimensional lattice:
͑2͒
with a diffusion time d related to the one-dimensional effective density of traps c and the exciton diffusion constant
For times much longer than the diffusion constant the asymptotic solution will be dominated by the stretched exponential and should therefore resemble a line in the KWW plot with slope of 1/3. We have indicated these asymptotic solutions in Fig. 5 with dashed lines ͑using arbitrary time constants selected for ease of viewing͒. Up to a solution temperature of 50°C the PL decay dynamics in regimes I and II closely match the asymptotic solutions, indicating that the fast PL decay within the first 60 ps can be well described by the model by Balagurov and Vaks. Within the range of Ϸ60-100 ps the decay dynamics change abruptly over to a much slower decay regime ͓seen more clearly in Fig. 2͑b͔͒ . We attribute this long-lived emission to excitons located near the energetic minima of the surrounding potential landscape where their diffusivity is much reduced compared with that of excitons created near the energetic maxima. Detailed simulations of the survival probability of excitons in a three-dimensional lattice with a Gaussian energy distribution have shown that the trapping probability depends strongly on the initial energy of an exciton undertaking a random walk, 28 with a critical energy E below which excitons may become almost immobilized. The existence of such a ''localization energy'' in conjugated polymer films has been demonstrated repeatedly using siteselective photoluminescence spectroscopy. 35, 36 In the case of MOPV4 assemblies this effect should be much more pronounced due to the reduced dimensionality of the system and is therefore likely to be the cause of the PL decay occuring on two very distinctly different time scales. Including all these considerations given above, we have chosen the following fitting functions to model the PL decay I(t) in MOPV4 assemplies within the time range of 3.2-600 ps after excitation:
͑3͒
Here, the first part describes the initial fast decay of highly mobile excitons created well above the localization energy, while the second term represents the slower decay of more localized excitons. While the highly mobile excitons are subject to fast trapping at nonradiative defects and PL depolarization, they may also relax sufficiently in energy to contribute to the long-lived decay component. However, since the highly mobile and the partly localized excitons cause PL in roughly the same spectral region ͑as evident from the small redshift of the PL observed as a function of time͒ a transfer from the former to the latter cannot be observed in the decay dynamics and will therefore be neglected in this very simple model. Both terms have been multiplied with an exponential to account for the natural lifetime of the exciton, 0 , taken to be 2.94 ns from the long-lived ͑Ͼ4 ns͒ exponential decay as mentioned above. The values determined for the fitting parameters are given in Table I with the corresponding best fitting curves displayed in Fig. 5 together with the data. As the temperature of the MOPV4 solution is increased, both the fast diffusion time d and the longer time h increase, while the relative amplitudes I d /I h of the short-and longlived components decrease. These changes can be understood considering that an increase of the solution temperature breaks the coherence of the stacks inducing further 045203-5 disorder and shorter segments over which the exciton can diffuse. As a result, excitons are more likely to become localized in local potential minima and the overall diffusivity is much reduced. For models describing the trapping of excitations on a lattice with randomly situated traps ͑but without consideration of energetic disorder͒ the exponent ␤ in the stretched exponential form of the asymptotic decay has been linked with the dimensionality of the system d with ␤ ϭd/(dϩ2). 32 Within the framework of this model the decay behavior we observe therefore implies that the initial diffusion of mobile excitons is governed by one-dimensional processes while the slower diffusion of partly localized excitons is linked to transfer processes of higher dimensionality. This seems plausible considering that the early migration of excitons created close to the energetic maxima of the potential surface will be dominated by nearest neighbor interactions. As the center-to-center distance of the chromophores in a hydrogen-bonded MOPV4 dimer should be of the order of 3 nm, while the separation of the -stacked chromophores on one side of the double-stranded helical assemblies is of the order of a few Å, the early migration dynamics of mobile excitons will occur predominantly on one side of the helix. Furthermore, considering the sufficiently large -overlap between adjacent molecules, the pitch of the helix cannot be too large, leading to an initial diffusion which is quasi-onedimensional. In contrast, for excitons partly localized near the potential minima of the potential surface, lower-energy sites will be located much further away. Diffusion to a suitable site may therefore also involve transfer to the other side of the helix, leading to a higher dimensionality of the diffusion process. We should finally point out that while these considerations seem very plausible, care has to be taken when applying models to these systems which do not explicitly take into account energetic disorder. Since the data presented in Fig. 5 are the copolarized luminescence component, the decays are not only governed by trapping of excitations but also by photoluminescence depolarization as described previously. However, as can be seen in Figs. 4͑a͒ and 4͑c͒, the PL depolarization and the exciton trapping dynamics in the MOPV4 assemblies are very similar, allowing us to model both processes with the same fitting function. While random walk models based solely on a statistical distribution of traps may be expected to describe exciton trapping in these systems adequately, the PL depolarization dynamics should rely on a somewhat different mechanism. Here, the nonexponential decay dynamics are most likely related to the statistical fluctuations in the angle between adjacent molecules and the variation in the local potential. The former is closely related to the latter due to the strong effect which the stacking angle between two adjacent chromophores has on the delocalization of the excitonic wave function across the molecules and consequently on the excitonic energy levels at this site. 4 The nonexponential PL depolarization dynamics thus indicate that energy relaxation should generally be taken into account when describing these molecular assemblies. For a more complete description of these helical assemblies it will be necessary to include the exact stacking geometry, and its statistical variations, into a model which relates these parameters to the potential energy landscape an exciton will encounter in these systems. Further work is currently being undertaken to determine these parameters, which are as yet unknown, and to establish a link between the geometry of the stacked chromophores and the corresponding excitonic energy level structure.
IV. CONCLUSION
In conclusion, we have demonstrated that the assembly of oligo͑phenylene vinylene͒ molecules into chiral stacks using hydrogen-bonding motifs leads to fast exciton diffusion along the stacking axis. The relatively high degree of intermolecular order achieved emphasizes the effectiveness of supramolecular chemistry for the formation of well-defined molecular assemblies. The exciton diffusion dynamics in the MOPV4 stacks are very similar to those encountered in conjugated polymer films. However, one advantage of supramolecular stacks lies in the reversibility of the assembly, e.g., through changes in type of solvent or solution temperature. Moreover, through attachment of specific hydrogen-bonding motifs to different categories of molecules the construction of supramolecular complexes becomes viable, which can be tailored to display efficient light-harvesting or chargeseparating properties. The quasi-one-dimensional nature of the MOPV4 assemblies may also allow their implementation in nanometer-scale molecular electronics. Additional effort is required to ensure that the high degree of order present in dodecane solutions of MOPV4 can be fully maintained in solid films. This work is in progress.
